We present two-terminal magnetotransport measurements on single-wall carbon nanotube devices, where one or two of the terminals are ferromagnetic. Both ferromagnetic semiconductor ͓͑Ga,Mn͒As͔ and metal ͑Fe͒ contact materials have been investigated. In both types of devices we have observed strong hysteretic magnetoresistance below 30 K. The magnetoresistance features develop into large peaks and dips at subkelvin temperatures and they are present even with only one ferromagnetic terminal.
The possibility of controlling electron transport by means of the spin degree of freedom, in short spintronics, has drawn recent attention, as spintronic devices may have potential for applications in future commercial electronics, and generate insight into fundamental properties of the electron spin physics in solids. 1 Spin-polarized transport in mesoscopic and low dimensional systems has gained particular interest. [2] [3] [4] [5] Within the line of this work we explore spin-polarized transport in single-wall carbon nanotubes ͑SWNTs͒, which already possess unique electronic properties. 6, 7 These nanotubes may form a perfect spin-transport medium as their electron transport is one dimensional and ballistic with expected long spin relaxation length as well as negligible spin orbit effects.
Spin-polarized transport may be investigated in carbon nanotubes contacted by two ferromagnetic terminals. 4 Investigations of SWNT quantum dots display that the effective size of the nanotube island is roughly equal to the separation between the terminals; 8 thus the electrical contact between nanotube and terminal must be formed at the very edge of the terminal, with an area which may be comparable to the diameter of the tube. Hereby, the nanotube is supposed to probe a single ferromagnetic domain, since the domains, presumably of micrometer size, are much larger than the area of the tube/terminal contact. Sweeping an external magnetic field will cause abrupt alternation between different magnetization configurations of the contacting areas. In the simplest picture the magnetizations of the contacting domains are saturated in parallel and antiparallel configurations, as illustrated by the sequence in Figs. 1͑a͒-1͑c͒ . Accordingly, a difference in resistance, a magnetoresistance, from a spinvalve effect may be expected. This change in resistance has previously been estimated from the model first described by Julliere 9 in the context of spin-polarized transport between two ferromagnetic metals separated by a tunnel barrier. However, in nanotube devices the nanotubes form conducting channels between the magnetic electrodes and the model is not directly applicable to these systems. Observation of magnetoresistance has been ascribed to a spin-valve effect in ferromagnetically contacted multiwall 4, [10] [11] [12] [13] and SWNTs. 14,15 A strong diversity in magnitude and changes between positive and negative magnetoresistance have, however, been observed.
We have fabricated two types of nanotube devices with ferromagnetic source and drain terminals, namely, ferromagnetic metallic iron and an epitaxially grown ferromagnetic semiconductor ͑FS͒ ͑Ga,Mn͒As ͑see Fig. 1͒ . We denote the two types Fe-NT-Fe and FS-NT-FS, respectively. The Fe-NT-Fe devices were prepared from chemical vapor deposition grown tubes 16 on a n + Si substrate used as a back gate capped by 300 nm insulating SiO 2 with terminals of 50 nm Fe capped in situ by 15 nm Au. 15 Additionally, we have investigated one type of reference device with a source of nonmagnetic metals, Cr/ Au of 5 nm/ 30 nm, and a drain of ͑Ga,Mn͒As, denoted by M-NT-FS, Fig. 1͑d͒ . The FS-NT-FS and M-NT-FS devices are grown by molecular beam epitaxy ͑MBE͒ on a highly doped GaAs substrate, where laser ablated SWNTs from the group of Smalley ͑Rice University͒ are introduced during a growth interrupt. Electron beam lithography and wet etch are used to define the terminals of ͑Ga,Mn͒As. The tubes are separated from the back gate of highly doped GaAs by a 400 nm electrical superlattice barrier of GaAs/ AlAs. Details for the device fabrication of the epitaxially grown ͑Ga,Mn͒As terminals have been published elsewhere. 17 Measurements are performed in the temperature range from 300 mK to room temperature with a dc setup as sketched in Fig. 1͑a͒ . The external magnetic field B is applied in the plane of the ferromagnetic terminals. The conductance G is defined as I / V in the linear regime. The twoterminal resistance ͑1/G͒, which is in the megaohm range for most of these devices, is dominated by the contact barrier at the terminal/nanotube interfaces. For a SWNT device the one-dimensional quantized resistance contributes h / ͑4e 2 ͒ Ϸ 6.5 k⍀. Moreover, the low temperature transport characteristics indicate that the nanotube transport is mostly ballistic and thus the intrinsic nanotube resistance is negligible. The series resistance of the ferromagnetic terminals can also be neglected. Metallic behavior of the SWNTs is detected in all devices reported here.
Results from two devices with Fe terminals are presented in Fig. 2 . We find periodic oscillations in G vs gate voltage V g at low temperatures ͓Fig. 2͑a͔͒. This is due to Coulomb blockade, 8, 18, 19 which is typical for nanotubes with tunnel contacts, making the device behave as a quantum dot. Periodic Coulomb blockade oscillations indicate that the tube behaves as a single quantum dot. We report solely on devices which display clear Coulomb blockade oscillations, to ensure our results come from ballistic transport in regular nanotube quantum dot devices. From Fig. 2͑a͒ it emerges that the magnetic field has a significant gate independent influence on the conductance. The Coulomb blockade oscillations are present for all B fields. At B = −0.05 T, where G is suppressed, the amplitude of the oscillations is suppressed too. The influence of B is measured directly in the magnetic field sweep Fig.  2͑b͒ , which reveals a hysteretic dip in the conductance, i.e., a significant magnetoresistance ͑MR͒, shortly after passing B = 0 T. The MR evolves with decreasing temperature, and at the lowest temperature the conductance is almost completely quenched. All traces in B are averages over several individual traces, in order to validate the consistency in our measurements. Figures 2͑c͒ and 2͑d͒ are examples of B sweeps measured at 4.2 and 9 K for a similar device. These measurements show a similar form of hysteretic MR, though the hysteretic features show up with opposite signs, i.e., both positive and negative MR can be observed.
We now turn to the ͑Ga,Mn͒As contacted tubes. The Curie temperature of the ͑Ga,Mn͒As is in the order of 70 K as determined from transport measurements. 17 Consequently the lead material is magnetic at the temperatures relevant for this study. The in-plane coercive field of the ͑Ga,Mn͒As terminals is determined from MR measurements on the ͑Ga,Mn͒As material, where the switching of the magnetization is found as a maximum in resistance at about 0.05 T. The magnetoresistance of the ͑Ga,Mn͒As is a few ohms, which is negligible compared to the low temperature resistance of the tube devices of several megaohms. Periodic Coulomb blockade oscillations and single-quantum-dot formation in the tube devices with ferromagnetic semiconductor terminals are presented elsewhere, 17 and the data clearly resemble what is seen in tube devices with normal metal terminals. Figure 3͑a͒ illustrates measurements of hysteretic MR for FS-NT-FS at T = 14 K, 2 K, and 310 mK. At the lowest temperature, a finite source-drain voltage is applied in order to overcome the vanishing conductance in the linear regime. The magnitude of the hysteretic behavior increases with decreasing temperature. Measurements at T = 310 mK are presented in Fig. 3͑b͒ for source-drain voltages of 4 and 2 mV, respectively. The first has a dip structure, while the second shows a more pronounced peak structure. This particular sign alternation of the hysteretic MR as a function of sourcedrain voltage is found reproducible in a small V g range in one cool down. Otherwise, the MR behavior often shifts irregularly, under various source-drain and gate voltage conditions and during different cooling cycles. The graphs shown here have been chosen to illustrate the diversity in our measurements.
In Fig. 4 we present data on a reference device with one normal and one ferromagnetic terminal ͑M-NT-FS͒. G vs B at 4.2 K is presented in Fig. 4͑a͒ for two different V g . Hysteretic MR behaviors are recorded in this device type too, and peak as well as dip behaviors are observed. Examples of this are presented in Fig. 4͑a͒ . The alternations between hysteretic dips or peaks are not related to the gate or sourcedrain voltage in a simple manner.
In this paper we have presented measurements on different types of ferromagnetically contacted SWNT devices. In devices with two ferromagnetic terminals, i.e., Fe-NT-Fe and FS-NT-FS structures, hysteretic MR features have been observed to reach zero conductance at 350 mK. The hysteretic features always appear in the vicinity of zero magnetic field, with the dominant feature emerging after the sweeping field passes through zero. At higher values of the applied magnetic field ͉͑B͉ տ 0.2 T͒, the conductance does not display any hysteresis, as G is symmetric in B and independent of the sweep directions. The hysteretic MR feature appears as either a dip or a peak in the conductance. Some devices display solely dip or peak structures, whereas others fluctuate in a noncontrollable manner between peak and dip behavior. In order to quantify the hysteretic MR we define the magni-FIG. 1. Schematics of our devices and the measurement setup. The bias voltage V is applied to the source, and I is measured from drain to ground. V g is applied to the capacitatively coupled back gate. ͑a͒-͑c͒ A SWNT contacted by two ferromagnetic terminals ͑Fe-NT-Fe and FS-NT-FS͒. When the field is swept, the tube may be contacted by alternating parallel and antiparallel magnetized domains. ͑d͒ A SWNT contacted by a nonmagnetic metal source and a ferromagnetic semiconductor drain ͑M-NT-FS͒. ͑e͒ ͑Color online͒ Atomic force microscopy of the device Fe-NT-Fe2.
tude of the hysteretic MR as ⌬G / G B = ͑G B − G ex ͒ / G B where G ex is the conductance at the hysteretic extremum ͑dip or peak͒, and G B is the conductance at the same magnetic field, but measured during the reverse sweep. In the nonlinear regime, we define similarly ⌬G / G B = ͑I B − I ex ͒ / I B . Figures 2͑e͒,  3͑c͒ , and 4͑b͒ sum up the mean values of the hysteretic behaviors found in our devices. The diversity in the hysteretic MR when varying V g and V and cycling the temperature is presented by error bars, which show the variance from all our measurements on a given device. We have observed hysteretic features of magnitudes up to almost 100% and down to −150%, with a rapid increase at the lowest temperatures, which is visible in spite of the large diversity found in our measurements. Hysteretic MR features are observed in devices with one ferromagnetic terminal, too. These features are not as clearly defined as in devices with two ferromagnetic terminals, but the relative amplitude is large ͑roughly 10%͒. The temperature dependence of the amplitude is less dramatic than that for devices with two ferromagnetic terminals. Hysteretic MR has not been observed in devices with exclusively nonmagnetic terminals, e.g., Cr/ Au.
More than 30 conducting Fe-NT-Fe devices have been examined, yet only four of these display any hysteretic MR. In contrast, all investigated devices with terminals of ͑Ga,Mn͒As, 15 FS-NT-FS and three M-NT-FS, inevitably show MR. We speculate that the absence of MR in many of the Fe-NT-Fe devices could be related to the architecture of these devices. It is possible that the Au cap layer bypasses the Fe contact material, so the tubes are not contacted by ferromagnetic material, but rather are of the form Au-NT-Au. Moreover, oxidation of the Fe terminals may critically destroy the ferromagnetic properties of the contacts.
SWNTs have no intrinsic magnetoresistance at fields relevant for the present measurements, and magnetoresistance in the terminals alone cannot account for the large magnitude of the observed hysteretic behavior. The hysteretic dips or peaks occur preferentially after the field has been swept through zero, and in the range of the coercive field. This shows that the hysteresis must be related to the occurrence and switching of magnetic domains, which couple to the tubes. Most often, the changes in the conductance are abrupt, indicating that only one or a few domains in each terminal are actively involved in the coupling to the tubes. During each measurement, G vs B follows the same track repeatedly, indicating a reproducible change of domain configuration vs B. The hysteretic MR may be interpreted as sign of spin-polarized transport through the nanotube. However, we find the prevailing theoretical models incomplete. To our knowledge, no existing model is capable of explaining our observations of the almost 100% ratio of the MR, the change of sign in the effect, as well as the presence of MR in devices with a single ferromagnetic terminal.
It is found that the absolute magnitude of the positive or negative hysteretic behavior increases with decreasing temperature. A surprising increase of the hysteretic MR of up to 100% occurs in the low temperature limit ͓see Figs. 2͑e͒ and 3͑c͔͒ where the conductance is highly suppressed due to strong Coulomb blockade in the device. This temperature regime is far below the Curie temperature of terminal materials; therefore the polarization of the current-carrying electrons in the terminals may not account for such dramatic temperature dependence. Likewise, it is unlikely that this dramatic temperature dependence of the hysteretic behavior can be justified from temperature dependence in the spinrelaxation length. A source of magnetoresistance in ferromagnet-quantum dot-ferromagnet structures has been demonstrated by Shimada et al., 5 where the change in spin-up chemical potential in the electrode in a strong magnetic field competes with the Coulomb blockade energy. This could lead to a shift in the gate dependence of the Coulomb blockade oscillations in our samples, were it not for the fact that our Coulomb blockade energy is at least an order of magnitude larger and the magnetic field applied an order of magnitude smaller than in the experiments by Shimada et al. 5 We therefore do not observe this magnetoresistance contribution.
We believe it is important to gain a better understanding of the electrical contact between the ferromagnetic terminals and the nanotubes in order to explain our observed MR effects in ferromagnetically contacted SWNTs. Scanning probe experiments by Céspedes et al. 20 reveal evidence of contactinduced magnetism in multiwall carbon nanotubes placed on a ferromagnetic substrate. This work indicates an interesting route for exploring electrical and magnetic coupling between ferromagnets and nanotubes. Experiments by Gould et al. 21 on tunnel magnetoresistance from a single layer of ͑Ga,Mn͒As display a spin-valve effect, referred to as tunneling anisotropic magnetoresistance. The magnitude of the MR measured in our M-NT-FS devices at 4 K is comparable to the results by Gould et al.
In conclusion, we have presented experimental results on two-terminal SWNT devices with one and two ferromagnetic terminals. These devices show a large diversity of sign and magnitude of the hysteretic MR. Yet, an overall increase in magnitude of the effect is found when decreasing the temperature, and we see a complete quenching of G at T = 350 mK. Our observations call for detailed understanding of spin-polarized transport between the tube and the contacting terminals.
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